Heterogeneity of zonal hepatocytes is important to elicit specific liver function. We investigated the distribution of glucose transporter 2 (GLUT-2) in normal rat liver by immunoimmuaohistochcmkq was disuibuted prrdominantly in the periportal hepatocytes and gradually thinned towards the showed that it was localized on miaovilli of the sinusoidal plasma membrane of hepatocytes but not on the basolateral plasma membrane. Consistent with the distribution of GLUT-2 protein, the level 0fGLUT-2 mRNA in periportal Stai&g and North-blot a&&.
Introduction
The liver plays an important role in glucose homeostasis by uptake of glucose from the bloodstream and release of glucose produced by gluconeogenesis and glycogenolysis (Exton, 1972; Scrutton and Utter, 1968) . These different processes of glucose mobilization require facilitative glucose transporters on the plasma membrane of hepatocytes (Williams et al., 1968) . Recent progress in this area has disclosed five facilitative glucose transportets in different tissues (Bell et al., 1990) . A high Km and low-affinity glucose transporter, glucose transporter 2 (GLUT-2), was cloned from the rat liver cDNA library and expressed in pancreatic p-cells, liver, and kidney (Orci et al., 1989; Fukumoto et al., 1988; Thorens et al., 1988) .
On the other hand, the hepatic acinus is roughly divided into two functional zones, the periportal and perivenous areas. In glucose metabolism, much evidence indicates that gluconeogenetic enzymes are predominant in the former and glycolytic enzymes in the latter Uungermann and Katz, 1989) . Therefore, it is of in-
Materials and Methods
Animal Treatment. Male Wistar rats weighing 200-250 g were housed with free access to a standard chow and water on a 12-hr light-dark cycle in our animal facility. Rats fed ad libitum were anesthetized with sodium pentobarbital (50 mg/kg bw) injected IP. Immunohistochemistry. Rats were perfused through the left ventricle, first with saline for 5-10 min and then with freshly prepared ice-cold paraformaldehyde-lysine-periodate (PLP) fmtive (Mckan and Nakane, 1974) for 30 min. Livers were excised and fixed in PLP fixative overnight at 4"C, then stored in PBS (10 mM sodium phosphate buffer, pH 7.4-0.9% NaCI) at 4'C. The livers were embedded in paraffin and cut into 5-pm-thick sections for immunostaining. Endogenous peroxidase was blocked with 0.3% Hz02-PBS. followed by PBS washes. Then nonspecific binding was blocked with 0.3% normal goat serum-PBS. The sections were incubated with the GLUT-2 antiserum (1:SOO dilution) against a synthetic hexadecapeptide from the COOH-terminal portion of the predicted sequence of GLUT-2 (Johnson et al., 1990b) overnight at room temperature (RT), followed by PBS washes. Sections were then incubated with biotinylated goat anti-rabbit IgG antibody for 60 min at RT, followed by PBS washes, and were exposed to avidin-biotin-peroxidase complex for 60 min at RT. Goat sera, biotinylated antibodies, and avidin-biotin-peroxidase complexes were purchased from Vector Laboratories (Burlingame, CA). The binding site was visualized with 3,3'-diaminobenzidine (DAB) (Sigma; St Louis, MO) (0.5 mglml DAB and 0.03% Hz02 in PBS) for 5 min at RT, then counterstained with Mayer's hematoxylin solution. The sections were also incubated with the GLUT-1 antiserum (1:500 dilution) against a synthetic pentadecapeptide from the COOH-terminal portion of the predicted sequence of rat GLUT-1 (a gift from Dr. Y. Oka, Tokyo University School of Medicine, Tokyo. Japan) (Oka, et al., 1988) for 5 days at 4°C. washed with PBS, and then exposed to biotinylated goat anti-rabbit IgG antibody for 1 hr at RT, followed PBS washes, and exposed to avidin-biotin-peroxidase complex for 60 min at RT. The binding site was visualized with DAB, enhanced by NiClz (0.5 mglml DAB, 40 mglml NiC12, and 0.03% H202 in PBS) for 5 min at RT. Sections were observed and photographed on an Olympus Vanox-T microscope (Olympus; Tokyo, Japan).
Immunoelectron Microscopy. Immunodetection of the glucose transporter at the electron microscopic level was performed by the pre-embedding method. Briefly, whole rats were fixed by perfusion with freshly prepared ice-cold PLP fixative. Livers were excised and cut into 2-mm width, fixed in 0.5% glutaraldehyde-0.1 M phosphate buffer, pH 7.4, for 6 hr, and stored in PBS at 4°C. Fifty-pm-thick sections were incubated with 0.5% periodic acid-PBS for 1 hr at RT to block endogenous peroxidase, and washed with PBS. Then nonspecific binding was blocked with 3% normal goat serum-PBS overnight at 4'C. Sections were incubated with GLUT-2 antiserum (1:500 dilution) for 3 days at 4'C, followed by PBS washes overnight, and then incubated with biotinylated goat anti-rabbit IgG antibody overnight at 4'C. This was followed by PBS washes overnight and exposure to avidin-biotin-peroxidase complex overnight at 4°C. The binding site was visualized with DAB for 5 min at RT. Sections were dehydrated in alcohol and embedded in Epon. Ultrathin sections were prepared for electron microscopic study on a Hitachi H-TOO electron microscope (Hitachi; Ibaragi, Japan).
Selective Isolation of F'eriportal and Perivenous Hepatocytes. For selective hepatocyte isolation, the digitonin-collagenase perfusion method (Lindros and Penttila, 1985; Quistorff, 1985) was modified. After anesthesia with pentobarbital, the liver was preperfused in situ with calcium-free Hanks solution for 8 min at a rate of 15 ml/min without recirculation in the direction ofthe portal vein to the superior caval vein. For preparation of periportal hepatocytes, the liver was perfused from the superior caval vein to the portal vein with 1 mM digitonin (Sigma)-calcium-free Hank's solution for 10 sec to destroy the perivenous part of the microcirculatory unit. Then 0.05 O h collagenase (Wako; Osaka, Japan)-2.5 mM calcium-containing Hank's solution was infused from the portal vein to the superior caval vein to isolate the undestroyed hepatocytes. The liver was removed and dispersed in Eagle's minimal essential medium. Cells were filtered with a cotton gauze filter and sedimented by centrifugation at 50 x g for 1 min. Viability was confirmed by dye exclusion with trypan blue and 80% viability was achieved in our purification technique. For preparation of perivenous hepatocytes, the procedure was exactly the same except for the direction of the flow of digitonin solution from the portal vein to the superior caval vein and collagenase solution from the superior caval vein to the portal vein.
RNA Preparation and Blots. Total RNA from isolated hepatocytes was prepared by an acid guanidinium thiocyanate-phenol-chloroform extraction method according to Chomczynski and Sacchi (1987) . Fifteen pg of total RNA was fractionated by electrophoresis through a 1% agarose gel (Sigma) containing 6.2% formaldehyde and then transferred to a nylon membrane filter (Amersham; Poole, UK). The membrane was prehybridized with hybridization solution for 4 hr at 42'C. The hybridization solution contained 50% formaldehyde, 5 x saline-sodium phosphate-EDTA, 5 x Denhardt's solution, 0.1% sodium dodecyl sulfate (SDS), and 20 mglml salmon testis DNA (Sigma). The cDNA probes for rat GLUT-2 (a gift from Dr. C. B. Newgard, University of Texas Southwestern Medical Center at Dallas, Dallas, TX) (Johnson et al.. 1990b) . mouse PEPCK (Ruppert et al., 1990) , and rat albumin (Kioussis et al., 1979) were labeled with 32P by the random-primer technique ('Igkara Shuzou; Kyoto, Japan) (Feinberg and Vogelstein. 1983) . Hybridization was performed for 16-20 hr at 42'C. The posthybriditation procedure was carried out by washing the membrane twice in 2 x saline-sodium citrate (SSC)-O.l% SDS for 5 min. followed by washing with the same procedure for 30 min at RT, and then twice in 0.1 x SSC-0.1% SDs at 5O' C for 30 min. The filter was exposed with Konica/SR.V0616 film (Konica; Tokyo, Japan) at -70'C using an intensifying screen. and the autoradiograph was scanned with a densitometer (LKB; Bromma, Sweden) for quantification of mRNAs.
Distribution of GLUT-2 and GLUT-1 in Periportal and Perivenous Liver Tissue
Immunohistochemical staining for GLUT-2 in the section of normal rat liver was visualized most densely on the margin of hepatocytes in the periportal zone and gradually faded to the perivenous zone ( Figures 1A and 1B) . At higher magnification, the GLUT-2 staining was localized on the sinusoidal plasma membrane of hepatocytes ( Figures 1C and ID) , in contrast to strong staining for GLUT-1 throughout the cytoplasm of the perivenous hepatocytes (Figure 2 ). Immunostaining for GLUT-2 and GLUT-1 was abolished by addition of the corresponding synthetic hexadecapeptide or pentadecapeptide used for the antigens (not shown). Ultrastructural immunostaining for GLUT-2 was found on microvilli of the sinusoidal plasma membrane of hepatocytes but not on their basolateral plasma membrane (Figure 3 ).
GLUT-2 ana' PEPCK mRNA Levels in Selectively Isolated Periportal and Perivenous Hepatocytes
To determine if the zonal distribution of GLUT-2 protein on immunohistochemistry corresponds to its mRNA distribution, we selectively isolated periportal and perivenous hepatocytes by the digitonin-collagenase perfusion method and then examined GLUT-2 and PEPCK mRNA levels by Northern blot analysis. In periportal hepatocytes, the GLUT-2 mRNA level was higher than in the perivenous hepatocytes (Figure 4) . The PEPCK mRNA level was also higher in periportal hepatocytes. Densitometric analysis of the bands of Northern blotting showed that the level of GLUT-2 mRNA was 1.9-fold higher in periportal hepatocytes than in perivenous hepatocytes (6.20 2 0.68 for periportal hepatocytes vs 3.26 0.96 for perivenous hepatocytes, mean * SEM arbitrary units) and the PEPCK mRNA level was also twofold higher in the periportal hepatocytes (5.96 2 0.89 for periportal hepatocytes vs 2.92 k 0.78 for the perivenous hepatocytes). However, there was no difference in albumin mRNA levels between periportal and perivenous hepatocytes (6.65 2 0.59 for periportal hepatocytes vs 
Discussion
In the present study, we demonstrated that the immunostaining of GLUT-2 mRNA in rat liver was distributed with a gradient from the periportal zone to the perivenous zone, and was most dense on the sinusoidal membrane of the hepatocytes. However, 191 et al. (1990) demonstrated that GLUT-2 mRNA was immunostained in an almost homogeneous fashion in rat hepatocytes. This discrepancy may be due to a difference in the antiserum used andlor to the methods of staining. The higher concentration of GLUT-2 mRNA in the periportal zone than in the perivenous zone also indicated specific distribution of GLUT-2. Moreover, our electron microscopic study showed that the immunostained GLUT-2 was localized on the microvilli of the sinusoidal plasma membrane but not on the basolateral membrane. This result is concordant with the light microscopic study and suggests that GLUT-2 may have a topical membrane function in the periportal hepatocytes.
By in situ hybridization, PEPCK mRNA is known to be located more in the periportal zone of the hepatic acinus (Bartels et al., 1989) . In our Northem blot analysis, GLUT-2 and PEPCK "As were more abundant in isolated periportal hepatocytes than in perivenous hepatocytes. This confirms the selective isolation of periportal and perivenous hepatocytes and the specific distribution of GLUT-2.
Glucose metabolism in the liver is regulated by the substrate concentrations in blood and by hormonal and neural factors. In addition, heterogeneity of zonal hepatocytes is important to elicit specific liver function Uungermann and Katz. 1989) . In perfused liver from fasted rats, Bartels et al. (1987 Bartels et al. ( ,1988 reported that, during either anterograde or retrograde perfusion with glucose, glycogen formation was more marked in the perivenous area than in the periportal zone. In contrast, glycogen was formed predominantly in the periportal area during the perfusion in either direction with gluconeogenetic precursors, i.e., lactate, pyruvate, glutamine, and omithine. Therefore, parenchymal hepatocytes in the periportal and perivenous zones ofthe liver acinuswould be &rent either in subcellular structures or in enzyme activities.
Since the method of selective hepatocyte isolation was postulated by Quistorff (1985) and Katz et al. (1977a) , reports on the functional zonation of hepatocytes have been increasing. Activities of gluconeogenetic enzymes, such as alanine aminotransferase (Wals. et al., 1988; Quistorff, 1985) . fructose-1.6-bisphosphatase (Wals et al., 1988; Schmidt et al., 1978; Katz et al., 1977a) . PEPCK (Barrels et al., 1989; Wals et al.. 1988; Guder and Schmidt, 1976 ). glucose-6-phosphatase (Katz et al., 1977b) . and lactate dehydrogenase (Wals et al., 1988) . were higher in the periportal zone, whereas activities of pyruvate kinase (Quistorff, 1985; Guder and Schmidt, 1976) , glucokinase (Wals et al., 1988; Fischer et al., 1982; Trus et al.. 1080 ; Katz et al., 1977a) . and hexokinase (Lawrence er al., 1984; Fischer et al.. 1082) were higher in the perivenous area. Moreover, it was found that gluconeogenesis (Chen and Katz. 1988) or glycogenesis from gluconeogenetic precursors (Bartels et al., 1988) was markedly higher in the periportal zone, whereas glycolysis (Marsumura and Thurman. 1084) and glycogen formation from glucose (Bartels et al., 1988) were higher in the perivenous area. Therefore. it is reasonable to consider that the periportal hepatocytes are mostly involved in gluconeogenesis. relaying glucose release from the liver, and that perivenous hepatocytes are mainly involved in 1 2 3 4 5 6 glycogenesis from glucose and glycolysis relaying glucose utilization in the liver.
Similar histochemical compartmentalization has been shown in kidney tissue. in which immunostained GLUT-2 was localized on the basolateral membrane of proximal tubule cells (Thorens et al., 1990) . Renal gluconeogenetic enzymes, such as PEPCK (Burch et al., 1978) . fructose-1.6-bisphosphatase (Lawrence et al., 1986; Burch et al., 1978) . and glucose-6-phosphatase (Burch et al., 1978) are limited to the proximal tubule cells, and glycolytic enzymes, such as hexokinase (Lawrence et al., 1986; Schmidt et al., 1975) . phosphofructokinase (Schmid et al., 1980) . and pyruvate kinase (Schmid et al., 1980) . are distributed mainly in the distal tubule cells. These observations supported the presence of a functional zonation in the liver and in a variety of other organs.
It is likely that specific zonation in the rat liver is related to the specific function of each zone, and that the physiological role of GLUT-2 in the liver may be related to gluconeogenesis, leading to glucose release from the liver. Conversely, the predominant localization of GLUT-I in the perivenous zone suggests a relation to glucose utilization such as lipogenesis in the liver. The high Km and low affinity of GLUT-2 (Johnson et al., 1990a; Williams et al., 1968) are also in accordance with this assumption. If the affinity of GLUT-2 is high, the liver would take up too much glucose. and plasma glucose would be decreased by passing through the liver. 
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